Despite the major ecological and economic impacts of gene fl ow between domesticated plants and their wild relatives, many aspects of the process, particularly the relative roles of natural and human selection in facilitating or constraining gene fl ow, are still poorly understood. We developed a multidisciplinary approach, involving both biologists and social scientists, to investigate the dynamics of genetic diversity of a sorghum weed -crop complex in a village of Duupa farmers in northern Cameroon. Farmers distinguish a gradient from weedy morphotypes ( naa baa see , haariya , and genkiya ) to domesticated morphotypes; haariya and genkiya have intermediate morphological traits. We investigated the pattern of diversity in this complex using both morphological and genetic data. Our biological results are interpreted in the light of data on farmers ' taxonomy and practices such as spatial pattern of planting and plant selection. Both morphological and genetic data are congruent with farmers ' taxonomy and confi rm the introgressed status of intermediate weedy morphotypes. Farmers actively select against weedy morphotypes, but several practices unconsciously favor gene fl ow. Furthermore, haariya and genkiya may facilitate introgression between naa baa see and domesticated morphotypes by virtue of their intermediate fl owering period and their mode of management by farmers.
Hybridization is considered to be of major importance in shaping the evolutionary trajectory of plant taxa ( Arnold, 1992 ; Ellstrand et al., 1999 ; Rieseberg et al., 2003 ) . Natural hybridization and introgression (i.e., stable incorporation and inheritance of new genetic material) between many domesticated plants and their wild relatives offer interesting systems for studying these phenomena. Gene fl ow has been shown to act both from domesticated to wild and in the opposite direction (reviewed in Ellstrand et al., 1999 ; Jarvis and Hodgkin, 1999 ) . Effects of gene fl ow on fi tness appear to be as complex in domesticated plants and their relatives as they are in wild plants ( Arnold, 1992 ) . Gene fl ow is an ongoing process affecting the genetic diversity of crop populations and may be a source of new genetic combinations in traditional farming systems ( Jarvis and Hodgkin, 1999 ; Elias et al., 2001 ; Pressoir and Berthaud, 2004 ) . Gene fl ow may have long-term impact on the resilience of traditional agroecosystems challenged by social and ecological changes. Breeders have also taken advantage of the interfertility of crop and wild relatives to introduce new genetic variation, e.g., variation conferring resistance to pathogens (Kameswara Rao et al., 2003 ) , from wild populations.
However, introgression can also threaten both domesticated and wild populations. Gene fl ow from crop to wild relatives can lead to the evolution of increased weediness and invasiveness ( Ellstrand and Schierenbeck, 2000 ) . Massive and recurrent gene fl ow from crop to wild may lead to loss of fi tness and eventually extinction of wild populations ( Ellstrand et al., 1999 ; Papa and Gepts, 2003 ) . Recurrent gene fl ow can also result in the loss of genetic integrity and assimilation of the smaller population (wild or domesticated) into the larger one ( Ellstrand et al., 1999 ) . Gene fl ow from crop to wild or weedy relatives may imply a risk associated with the introduction of transgenic plants ( Ellstrand et al., 1999 ) . Understanding the evolutionary dynamics of wild-weed -crop complexes is thus of major importance and should be a prerequisite to policymaking in conservation and to the assessment of ecological risks of transgene escape.
In a review, Jarvis and Hodgkin (1999) pointed to the necessity of understanding how farmers ' taxonomy, practices, and decision making are applied to the new genetic variations resulting from introgression in areas where wild and cultivated plants exist in sympatry. In this study, we developed a multidisciplinary approach, involving biologists and social scientists, to investigate the dynamics of genetic diversity of a weed -crop complex in sorghum at the scale of a single village.
Sampling of plants -Sampling in Want é was conducted during the harvest in December 2003. Two Duupa interpreters and fi eld assistants identifi ed all these plants, and each farmer cultivating a fi eld was interviewed. Sampled plants were identifi ed on the basis of morphological characters according to farmers ' classifi cation.
A companion paper presents the patterns of genetic diversity of sorghum landraces chosen to represent the racial and morphological diversity cultivated at the local scale. Distance-based and Bayesian analyses both grouped the landraces studied into four clusters, which correspond to functionally and ecologically distinct groups of landraces. In the current study, we obtained a representative sample of the landrace diversity found in Want é by sampling two plants from each of 19 landraces previously analyzed, the plants sampled being spread throughout the village ' s lands (20 fi elds represented). We also conducted the analysis using the entire data set for the landraces, and the conclusions that can be drawn from the results were unchanged (unpublished data). For the sake of a more balanced sample of landraces and weedy forms, we thus chose to present a representative subsample of the genetic and morphological diversity of the landraces. We also collected seeds from 11 panicles of naa baa see, 12 panicles of haariya , and 24 panicles of genkiya . One seed of each panicle sampled was grown, and the seedling was used for genetic analysis. Farmers ' fi elds are organized in clusters of several fi elds; our sample of landraces and weedy morphotypes came from four clusters scattered throughout the village ' s lands.
Analysis of patterns of genetic diversity -Fourteen simple sequence repeats (SSRs) of known map location and distributed throughout the 10 linkage groups of sorghum ( Kim et al., 2005 ) were assayed for the 47 plants from Sorghum, Sorghum bicolor (L.) Moench (Poaceae), is a main crop throughout semiarid regions of Africa and Asia. Sorghum was domesticated in Africa and is subdivided into three subspecies, S. bicolor subsp. bicolor (the domesticated form), S. bicolor subsp. drummondii (Steud.) de Wet ex Davidse (the weedy form, a stabilized derivative of hybridization between wild and domesticated sorghum [ de Wet, 1978 ] ), and S. bicolor subsp. verticillifl orum (Steud.) Stapf (the wild progenitor) ( Kimber, 2000 ) . On the basis of crossability and fertility of progeny, subspecies of S. bicolor are placed in the crop ' s primary gene pool, along with S. propinquum (Kunth) Hitchc. ( Harlan and de Wet, 1971 ) . The domesticated subspecies is further subdivided into fi ve basic races (bicolor, caudatum, durra, guinea, and kafi r) and intermediate forms ( Harlan and de Wet, 1972 ) . Domestication in sorghum involved selection for genes that confer significant changes in tillering, seed mass, shattering, photoperiodic fl owering, and characters of plant architecture ( Paterson, 2002 ) . In cereals generally, relatively small numbers of genes explain large portions of the phenotypic variance distinguishing domesticates from their weedy or wild relatives ( Paterson, 2002 ) .
In much of its range, domesticated sorghum is sympatric with sexually compatible wild and weedy forms ( Ejeta and Grenier, 2005 ) . Plants of subsp. drummondii often infest sorghum fi elds and are widespread in farmers ' fi elds in both India and Ethiopia ( de Wet, 1978 ) . Sorghum is reported to be predominantly selfi ng ( Doggett, 1988 ; Ollitrault, 1997 ) , although outcrossing rates vary and have been documented to reach up to 40% ( Barnaud et al., 2008 ) . Furthermore, Pedersen et al. (1998) showed enormous variation in outcrossing rates, from 0 to 100%, in sudangrass (subsp. drummondii ). Despite the potential for gene fl ow between weed and crop offered by such partly outcrossed reproductive systems, there is a lack of information on gene fl ow in situ in sorghum ( Ejeta and Grenier, 2005 ) .
Our study was conducted among Duupa farmers in the village of Want é in sub-Sahelian northern Cameroon. The Duupa (~4000 people) live in an area of 1000 km 2 in the plain of the river Benou é and the mountainous massif of Poli. Sorghum cultivation is central to Duupa agriculture, which is directed toward subsistence rather than to production for markets. Weedy and domesticated sorghum occur in sympatry, and farmers distinguish and name three weedy morphotypes: genkiya (G), haariya (H), and naa baa see (N). Genkiya and haariya are simple primary lexemes, while naa baa see is a complex primary lexeme (a lexeme is the minimal unit of meaning in language; a lexical database is organized around lexemes). All these lexical items are widely used by Duupa farmers. Naa baa see means cow/not cultivated in the Duupa language ( Garine, 1995 ) . Farmers consider the haariya and naa baa see morphotypes to be noxious plants. Duupa farmers distinguished naa baa see from genkiya and haariya , but they do not speak of naa baa see as a wild morphotype. Its name appears to be based on their observation that seeds giving naa baa see often sprout from dung of cattle that move through their fi elds during the dry season. Farmers perceive a gradient from domesticated (D) to naa baa see (N) with genkiya and haariya as weedy morphotypes with intermediate morphological traits ( Garine, 1995 ; Barnaud, 2007 ) . Naa baa see plants were identifi ed (by J. Chantereau) as S. bicolor subsp. drummondii , a stabilized derivative resulting from hybridization between the crop and its wild progenitor. Genkiya and haariya plants are very heterogeneous; they cannot be placed in one of the fi ve main races of S. bicolor subsp. bicolor or in the recognized intermediate forms between these races. quantitative characters for blocks 1 and 2. Because none of these 13 variables was normally distributed, we used in the fi rst instance a generalized linear model with a Poisson distribution of the residuals (GENMOD procedure; SAS Institute, 2001) for eight of the 13 response variables. Poisson regressions are typically used for count data (our case here). For the remaining fi ve variables, we categorized the data to use a multinomial distribution of the residuals (GENMOD procedure; SAS Institute, 2001 ). Morphotype, block, and the interaction between block and morphotype were entered into the models. Pairwise comparisons of means among morphotypes were performed using KruskalWallis tests ( XLSTAT, 2006 ) .
We also used the same analyses to examine whether there were family effects (variation among progeny of different maternal parents within each morphotype) on each of fi ve response variables distinguishing domesticated from weedy morphotypes (seed size, seed covering, shattering score, number of stem tillers of the principal stem, days to fl owering). Family effects might be expected if introgressed progeny are segregating for traits that distinguish the different morphotypes.
Finally, to combine all variables to describe the structure of morphological diversity, we synthesized the nine qualitative characters and 13 quantitative characters using a generalized principal components analysis (PCA) as described by Hill and Smith (1976) . This analysis was performed with the program ADE-4 ( Thioulouse et al., 1997 ) .
For pairwise comparison and multiple tests, we used Bonferroni correction to adjust the critical probability for acceptance.
Classifi cation of intermediate forms, selection, and cultivation practicesTo understand the role of farmers in recognizing and selecting new genetic variation resulting from " natural " introgression, we conducted observations (including participatory observations of farming practices), open discussions, and interviews during 6 months over three fi eld sessions at one sowing time (April -May 2005) and two harvesting and threshing times (December -January in 2003 -2004 and 2005 -2006) . Ethnographical data were assessed with the help of two Duupa interpreters who have worked with the anthropologist of the project for many years ( Garine, 1995 ) .
To accurately describe the selection and identifi cation process of the farmers, we conducted interviews in the experimental fi eld (described earlier) with six farmers (fi ve men and one woman) when plants were mature in December 2005. We focused our interviews on the following questions: (1) What name do you give to this panicle? (2) Would you select it for use in sowing? (There was no limitation on the number of panicles that a farmer was allowed to select as appropriate for sowing. We thus did not try to mimic the stringency of farmer selection.) All panicles from the three blocks ( N = 35 × 3 blocks) were identifi ed by each farmer individually. We took care to follow a random path in the fi eld. The exercise lasted less than 2 h. No response was imposed. Each farmer was interviewed separately.
RESULTS
Patterns of genetic diversity -All 14 loci retained were polymorphic, considering all morphotypes, and revealed a total of 103 alleles ( Table 2 ). The number of alleles per locus and per morphotype ranged from one for progeny from haariya or naa baa see ( gpsb067 , gpsb114 , xcup02 , xcup14 ) to 16 for domesticated ( xtxp348 ) and varied signifi cantly among morphotypes ( P = 0.01, Kruskal -Wallis test). Observed heterozygosity varied signifi cantly among morphotypes, with means of 0.16, 0.20, 0.18, and 0.05 for progeny of domesticated (D), genkiya (G), haariya (H) and naa baa see (N), respectively ( P = 0.01, Kruskal -Wallis test). Gene diversity per morphotype was 0.53, 0.51, 0.52, and 0.40 for progeny of D, G, H, and N, respectively. Progeny of N appeared to be the least diverse among all morphotypes. The small sample size for this morphotype (11 individuals) may not alone explain this result because progeny of H (with 12 individuals) was as diverse as progeny of D (38 individuals). This result was confi rmed by values for allelic richness ( R s ), which were 3.77, 3.57, 3.44, and 2.59 for progeny of D, G, H and N, respectively. Four alleles were private to N morphotype, and four were shared both by N and H open-pollinated panicles of G, H, and N morphotypes (one individual assayed per maternal parent), which were genotyped at the Languedoc-Roussillon G é nopole platform located on the CIRAD campus in Montpellier (France), using methods described by Barnaud et al. (2007) . The 38 plants of domesticated landraces (D) had been previously characterized with the same set of markers .
Basic statistics, including number of alleles, observed heterozygosity, and gene diversity (expected heterozygosity) corrected for small sample size ( Nei, 1978 ) , were calculated for each SSR locus and for multilocus genotypes of individuals using GENETIX 4.05 software (Belkhir et al., 1996 (Belkhir et al., -2004 . Allelic richness ( R s ), a measure of the number of alleles corrected for sample size differences, was estimated using the program FSTAT ( Goudet, 2002 ) .
To assess the structure of genetic diversity within and among different parts of the weed -crop complex, we used two complementary approaches, a principal coordinate analysis and a Bayesian model-based clustering method. The dissimilarities between all pairs of individual plants were estimated based on simple matching. A principal coordinate analysis (PCoA) performed on the dissimilarity matrix using Darwin software ( Perrier et al., 2003 ) fi rst provided a synthetic representation of the sampled diversity. We then used the Bayesian model-based clustering method of Pritchard et al. (2000) , implemented in the Structure 2.1 software (http://pritch.bsd.uchicago.edu). This method assumes that each genotype in the sample may result from the admixture of an unknown number of differentiated ancestral populations. As recommended by Pritchard et al. (2000) , we used an admixture model with correlated allele frequencies allowing bidirectional gene fl ow, with the assumed number of populations ( K ) varying from 1 to 10, with 10 replicate runs per K value. For each run, we used a burn-in period length of 10 5 , followed by 10 6 Markov chain Monte Carlo (MCMC) steps, which gave consistent results across runs in a pilot study. No a priori population information was used. The run showing the highest posterior probability of data were considered for each K value. We considered that an individual was " pure cluster x " when the inferred proportion of its genome belonging to cluster x exceeded 90%. We also ran STRUCTURE with prior population information for D and N individuals, and there were no differences in the results. ) were chosen randomly among panicles identifi ed by our informants as corresponding well to the ideotype defi ned by farmers. Domesticated plants were represented by one guinea landrace ( kubaze kolla ), which is the most commonly cultivated landrace in Want é . Seedlings from each panicle were grown in plots that consisted of one 3-m long row with hills spaced at 0.5 m and randomly thinned to one plant per hill about 30 d after sowing (seven plants per progeny and per block). The rows were spaced at 0.75-m intervals with two replications in a complete random block design sown on 5 May 2005 (blocks 1 and 2) and on 20 June (block 3).
Analyzing patterns of morphological diversity -Experimental design
Data on these progeny of the four morphotypes were recorded for nine qualitative and 13 quantitative characters using sorghum descriptors ( IBPGR/ ICRISAT, 1993 ). Individual plants were assessed for all characters, and principal stem and tillers were followed to assess fl owering. Each day during the fl owering period, all panicles were surveyed individually, and we scored the percentage of panicles fl owering each day. Table 1 lists the characters, their descriptors, and the code used in the analysis. Most of the characters are used by farmer to identify their landraces.
Statistical analysis -Frequency distributions of phenotypes for the nine qualitative characters were determined for progeny of each morphotype. We used generalized linear models to examine the relationship between our nine response variables and the four morphotypes defi ned. When the explanatory factor showed two modalities, we used a binary distribution of the residuals; for more than two modalities, we used a multinomial distribution of the residuals (GENMOD procedure; SAS Institute, 2001) . Along with the morphotypes, we considered as supplementary explanatory variables the identity of the block (1 or 2) and the interaction between block and morphotype.
Descriptive statistics -Mean, rank, and coeffi cient of variation (CV = σ / x , σ being the standard deviation and x being the mean) -were computed for the 13 individuals was consistent across different values of K . The analysis of the assignment of individuals into three clusters showed that 87% of D progeny were classifi ed as pure domesticated (58% and 29% are pure cluster 1 and 2, respectively), whereas 66%, 25%, and 0% of G, H, and N progeny, respectively, were classifi ed as pure cluster 1. Ninety-one percent (10 of 11 individuals) of N progeny were classifi ed as pure cluster 3, whereas 0%, 4%, and 17% of D, G, and H progeny, respectively, were classifi ed as pure cluster 3. G and H progeny showed mixed ancestry, with 5% and 30% average membership in cluster 3. D and N progeny showed less mixed ancestry, with 1% average membership in cluster 3 for D progeny and 4 and 3% average membership in clusters 1 and 2 for N progeny. These results suggested the introgressed status of the progeny of G and H maternal parents.
Morphological diversity -Results of univariate analyses conducted on each of the nine qualitative characters are given in Appendix S1 (see Supplemental Data with the online version of this article). Seed size, seed covering, and degree of shattering of panicles are salient characters used by farmers to distinguish domesticated and weedy morphotypes. Evaluation of the progeny of domesticated individuals (D) showed that 96% had large seeds, compared to 0% for progeny of naa baa see (N). With 67% and 40% of large-seeded plants, respectively, progeny of genkiya (G) and haariya (H) were intermediate between those of D and N. The same pattern was found for seed covering and shattering of panicles. Our results also showed that progeny of G and H were more heterogeneous than were progeny of morphotypes. Furthermore, for some alleles, we observed a gradient of allelic frequencies from N to D with H and G having intermediate allele frequencies (data not shown).
The PCoA revealed that axes 1 and 2 explained 14.11% and 10.17%, respectively, of the variability ( Fig. 1 ) . Progeny of N tended to be grouped together. Those grouped on the right side of Fig. 1 came from four different clusters of fi elds. Comparisons of mean values for the fi rst axis among progeny from different morphotypes showed signifi cant differences between D and N ( P < 0.0083, Kruskal -Wallis test). Progeny of G and H formed a continuum between D and N. Progeny of G differed signifi cantly only from progeny of N, whereas progeny of H differed signifi cantly from both progeny of D and N ( P < 0.0083, Kruskal -Wallis test).
The Bayesian model-based clustering method analysis, presented in Fig. 2 and Table 3 , also showed the same pattern of genetic structure. We estimated the most likely number of clusters ( K ) looking at the log probability of data for each value of K . In our data set, the Bayesian posterior probability of data increased until K = 3 and to a lower extent up to K = 7. The clusters identifi ed with K = 2 correspond largely to D and N clusters, G and H having intermediate cluster membership. The clusters identifi ed from K = 3 to K = 7 clearly revealed a subdivision of the previous domesticated cluster, as documented in Barnaud et al. (2007) , whereas the proportion of membership of N plants in the weedy cluster is still 85% for K = 7. We thus chose K = 3 as the most likely number of clusters ( Fig. 2 ) to avoid overestimating the number of clusters, as suggested by Pritchard et al. (2000) and because the assignment of weedy Seed covering 0% of seed covered (0), 25% seed covered (1), 50% (3), 75%(5), seed fully covered (7), glume longer than seeds (9) GrP Seed plumpness Dimpled (0), plump (1) GrCol Seed color Brown (1), red (2), red-orange (3), red-white (4), orange (5), pink (6), yellow (7), yellow-white (8), white (9), purple (10), gold (11) GrS Seed size Small (1), medium (2), large (3) Shat Shattering score No shattering (0), < 50% seeds released by panicle shattering (1), nearly all seeds released by panicle shattering (2) PCS Panicle compactness & shape Very loose panicles (1); very loose, erect primary branches (2); very loose, drooping primary branches (3); loose, erect primary branches (4); loose, drooping primary branches (5); semiloose, erect primary branches (6); semiloose, drooping primary branches (7); semicompact elliptic (8); compact elliptic (9) PW Panicle mass (1) < 50 g, 50 g < (2) < 100 × g , 100 × g < ( The analysis of variance on the fi ve principal characters distinguishing domesticated from weedy morphotypes showed that the effect of the factor progeny was signifi cant for seed size, shattering score, and seed covering within each of the three morphotypes G, H, and N ( P < 0.02 for each morphotype). For D and N. For instance, for seed color, progeny of G and H were dispersed in seven and six classes, respectively, whereas progeny of D and N were grouped in only two and three classes, respectively.
The analysis of variance on the nine qualitative characters, recorded on the two blocks sown on 5 May, showed that the effect of the factor morphotype was highly signifi cant ( P < 0.0001) for most of the characters except for panicle mass ( P = 0.030) (a variable that was encoded in classes because of the low precision of the measure). Effect of the factor block was signifi cant for glume color ( P = 0.008). The interaction between the factors morphotype and block was signifi cant for glume hairiness ( P = 0.0007).
Mean, range, and coeffi cient of variation of quantitative characters for each morphotype are given in Table 4 . There was no signifi cant effect on any quantitative trait of the factor block, nor of the interaction between the factors. The effect of the factor morphotype was highly signifi cant for most of the quan- Note: NA = total number of alleles observed; R s = allelic richness; H o = observed heterozygosity; GD = gene diversity, SE = standard error. 4B ), there was broad overlap in fl owering periods of the different morphotypes, with no signifi cant difference found for the end of the fl owering period, except for G. We also measured variability in response to photoperiod (i.e., physiological reaction of organisms to the length of day or night). We found high photoperiod sensitivity for each morphotype (data not shown).
Taxonomy, selection, and farming practices -Interviews and participatory observations of farming practices confi rmed that farmers perceived a gradient from D to N morphotypes. Farmers said that if a seed is sown with its glume, it will produce an H morphotype. In addition, they reported that seeds of G plants are eaten, but are never selected for sowing. G is perceived as an off-type, including all that is neither a recognized typical landrace nor considered to be H. The G morphotype thus has a very broad morphological defi nition. H seeds are never eaten nor selected for sowing. Farmers recognized this morphotype principally by glumes that partially cover the seed and on the basis of its weak degree of panicle shattering. N seeds are also never eaten nor selected for sowing. Farmers distinguish this morphotype by glumes that completely cover the seed, by its small seeds, and by its high shattering tendency.
Assignment of progeny to weed or to crop morphotypes by farmers -Identifi cation of panicles in the experimental fi eld by farmers showed that on average 97% of the progeny of D plants were identifi ed as D, and 62%, 40%, and 20% of progeny of G, H, and N plants, respectively, were identifi ed as the parent morphotype ( Table 5 ). The low value for N is noteworthy: two of the six farmers classifi ed all progeny of N (and a third, all but 2% of such plants) as H. One explanation for this is segregation of morphological traits in the progeny. However, in contrast to farmers ' classifi cation of progeny of N, our measurements of morphological traits (e.g., shattering of panicles) clearly confi rmed that at least a substantial percentage of the the number of days to fl owering the effect of the factor progeny was signifi cant within morphotypes D, G, and H ( P < 0.004 for each morphotype). There was thus substantial phenotypic variability among maternal half-sibships within each morphotype. Possible explanations for these signifi cant family effects include (1) segregation of characters because of the heterozygous status of maternal parents, and/or (2) differential contribution of pollen from different morphotypes (and/or genotypes within morphotypes) as sires of seeds borne by different maternal parents. Figure 3 shows the fi rst factorial plane in an analysis following the method of Hill and Smith (1976) on all morphological characters. The fi rst two axes explained 14.75% and 8.45% of the variation, respectively. PC1 separated D and N, with H and G forming a continuum between these two. Major contributions to PC1 were made by panicle mass, seed covering, degree of panicle shattering, panicle length, and plant height (groundpanicle apex). PC2 clearly separated G and H, with major contributions of the number of stem tillers and panicle shattering.
Plant phenology -The fl owering period of sorghum in the experimental plot was from mid-October to the end of November 2005. Kruskal -Wallis one-way analysis of variance showed signifi cant differences among progeny of D, N, and G-H ( Table  4 ) Figure 4 shows the fl owering period of each morphotype, giving the percentage of individuals in fl ower each day. Considering only the principal panicle ( Fig. 4A ) , the fl owering period of N partially overlapped that of D, with G and H being intermediate between these two. When both principal panicles and those on axillary branches were taken into account ( Fig.   Fig. 2 . Structure of genetic diversity within and among different parts of the weed -crop complex of sorghum as estimated using the Bayesian modelbased algorithm implemented in the program STRUCTURE ( Pritchard et al., 2000 ) . Each individual is represented by a thin vertical line, which is partitioned into three segments (shown as black, dark gray, and light gray) that represent the individual ' s estimated membership fractions in the three clusters. White lines separate individuals of different morphotypes, labeled below the fi gure. Individuals are sorted by morphotype and cluster membership. The formation of three clusters led to a clear grouping of domesticated progeny in cluster 1 and 2 (22 and 11 of them were " pure 1 " and " pure 2 " , respectively) and naa baa see progeny in cluster 3 (10 of them were " pure 3 " ). Except for one individual, G progeny were classifi ed as domesticated. Table 3 . Percentage of membership of each sorghum morphotype in defi ned cluster ( K ) using the Bayesian model-based algorithm implemented in the program STRUCTURE ( Pritchard et al., 2000 ) . N progeny, if not all, were N. The hypothesis of segregation of morphological traits thus cannot alone explain the patterns observed. We propose an alternative hypothesis, i.e., that the naming of plants by farmers is context-dependent. Naa baa see are usually not found in fi elds, so for farmers the fact that a plant is found in a fi eld (here, in an agronomic experiment) may prevent them from perceiving it as naa baa see . For the intermediate weedy morphotypes, G and H, we noted that characters of progeny did segregate, as is expected for hybrid or introgressed plants. A few plants could not be classifi ed by farmers into any of the four morphotypes; these few were mainly progeny of G plants. G is an off-type, but it is also considered as not aesthetically pleasing or beautiful. These unclassifi able plants corresponded to no landrace ideotype but were considered by farmers as being at least suitable for eating. The G and H progeny were identifi ed by farmers as D morphotype in an average of 18% and 30% of cases, respectively. Descendants of H and G identifi ed by farmers as D morphotype were classifi ed by them in 13 different landraces. These 13 landraces covered a great range of morphological diversity. In addition, one farmer classed as morphotype D, 6% of the progeny of N plants. All other farmers identifi ed the progeny of N plants mainly as H or N. The classifi cations of the progeny were not statistically homogeneous among the different farmers. There was greater homogeneity in the classifi cation of D progeny ( χ 2 test, P = 0.356) than for the others ( P < 0.001 for G, H and N).
Interviews showed that progeny of N plants were never considered by farmers as suitable for sowing ( Table 5 ). In contrast 31.4%, 12.4%, and 11.4% of progeny of D, G, and H plants, respectively, were considered by at least one farmer as suitable for sowing. There was greater consensus among farmers on the suitability of D progeny for sowing, as shown by the high percentage of panicles that were selected as suitable for sowing by more than one farmer (60%). For the progeny of G and H plants, there was less consensus, with 23% and 42% of the selected panicles of G and H plants, respectively, being chosen by more than one farmer as suitable for sowing.
DISCUSSION
In this study, we addressed an open question about the evolution of domesticated crops and a critical issue in the management of crop populations by analyzing how human and environmental selection interact to shape genetic diversity of sorghum, a major crop crucial to human food security in semiarid regions of Asia and Africa. Diversity, structure, and origin of weedy morphotypesFarmers distinguished on the basis of morphological characters a gradient from domesticated (D) to naa baa see (N), with genkiya (G) and haariya (H) as intermediate forms. We studied natural introgression between sorghum landraces and their weedy relatives using both microsatellite and morphological data. Farmers ' statements that planting G seed would produce H plants and that H seed would produce N plants, refl ect the complexity of the system, in which hybridization, backcrossing, selfi ng of hybrid progeny and segregation all contribute to the pattern of genetic diversity observed. Introgression is observed in both directions, from weedy to crop and from crop to weedy morphotype. The G and H progeny were more heterozygous than were the progeny of either D or N. Results Grenier Tesso et al., 2008 ) . On the other hand, there is no clear evidence of feral types arising from mutational dedomestication (endoferality). Naa baa see (N) plants were identifi ed as the weedy stabilized morphotype subsp. drummondii on morphological grounds. We noted substantially lower diversity in the progeny of N morphotypes than for the other morphotypes ( Table 2 ). Bottleneck events due to population dynamics of weedy forms could contribute to this pattern. However, lower diversity could also be due to our low sample size for N plants. Firm conclusions cannot yet be drawn about whether N is a weedy morphotype or a truly wild morphotype currently being assimilated owing to recurrent gene fl ow from domesticated populations. Weedy morphotypes are expected when domesticated plants and their wild relatives are in sympatry ( de Wet, 1978 ) . However, in the Duupa area, to date we have only found weedy morphotypes and no truly wild relatives. Mariac et al. (2006) believed that the maintenance and dispersal of a weedy morphotype of pearl millet (Pennisetum glaucum ) in Niger is explained mainly by seed exchange among farmers, not by regular hybridization between wild and domesticated populations. In the Duupa area, cattle might play a major role in the dissemination of N plants and the survival of N populations outside farmers ' fi elds.
Impact of spatial structure and fl owering period on the dynamics of introgression -Gene fl ow between weedy and domesticated morphotypes is facilitated by their overlapping fl owering periods ( Fig. 4 ) and by spatial proximity. Spatial pattern and population size may infl uence directional gene fl ow. We have from morphological data are congruent with those from microsatellite data and suggest the introgressed status of G and H, which form a continuum between D and N.
The G and H progeny have different levels of introgression. G appears closer to D than to H, based on both morphological and microsatellite data. In the PCoA ( Fig. 1 ) A sampling strategy that takes into account both time and space -transects through fi elds and adjacent fallows, repeated to cover the period from the earliest-fl owering of N up to maturation of panicles of all morphotypes -would allow accurate estimation of gene fl ow.
A crucial question regarding gene fl ow and the dynamics of the weed -crop complex is the origin of the naa baa see morphotype. Naa baa see plants might be either a weedy type derived from hybridization between domesticates and a relictual wild relative, or a feral derivative of the domesticated landraces. The existence of intermediate forms in most sorghum-growing areas offers empirical evidence of introgression (exoferality) between domesticated sorghum and wild or weedy forms ( Ejeta and Although farmers in Want é actively select against weedy morphotypes, several factors limit their ability to do so. First, although farmers tend to uproot weedy (H and N) morphotypes to clean their fi elds, these plants are diffi cult to identify before maturity, and some plants of these morphotypes may also remain because it may be too much work to remove them, allowing pollen fl ow that produces introgressed progeny (N, H, and G). Second, several practices unconsciously favor gene fl ow. Farmers selected against G, H, and N when they were recognized. However, we showed that a large proportion of progeny of weedy plants (on average 18% and 30% of progeny of G and H, respectively) are perceived by farmers as belonging to a landrace and thus might be selected. Furthermore, for sowing, farmers are frequently constrained to use seeds other than those they had previously selected for this function. In these cases, there may be a greater likelihood that progeny of G plants are sown. Because the shattering ability of the panicle of weedy morphotypes facilitates dispersal of their seeds, some will survive in the fi elds. At harvest time, naa baa see plants have already shed their seed; selection noted that G and H are present in fi elds and N at the margins of the fi elds, but each at very low density compared to the D morphotype. This difference in density of individuals might promote gene fl ow from D to N. Papa and Gepts (2003) demonstrated such a pattern in common bean ( Phaseolus vulgaris ), where gene fl ow from domesticated to wild was found to be 3 -4 times higher than in the opposite direction, in part due to the difference in population size. Thus pollen fl ow may be facilitated from the D to the N morphotype.
Roles of conscious and unconscious selection by farmers in the dynamics of introgression -The magnitude and characteristics of gene fl ow are highly infl uenced by farmers ' taxonomy and management of weedy morphotypes. In other crops, weedy morphotypes are sometimes used by farmers. For pearl millet ( Pennisetum glaucum ), hybrids can be harvested during periods of scarcity ( Couturon et al., 2003 ; Mariac et al., 2006 ) . Weedy populations of common bean ( Phaseolus vulgaris ) are harvested; their seeds are stored close to those of cultivated beans, and may thus be sown inadvertently ( Zizumbo-Villarreal et al., 2005 ) . Scarcelli et al. (2006) showed that farmers voluntarily introduced wild and hybrid yams ( Dioscorea spp.) into their fi elds. For sorghum, in Sudan, farmers recognized two crop -wild hybrids: an aggressive type ( adar ) and another one ( kerketita ) that is maintained and selectively harvested in bad years ( Ejeta and Grenier, 2005 ) . According to Teshome et al. (1997) , Ethiopian farmers intentionally tolerate wild and weedy sorghum, allowing hybridization to occur freely and extensively. On the contrary, farmers of Want é actively select against weedy morphotypes because high frequency of these morphotypes in fi elds is considered to result in lower yield. should maintain this trait in this weedy form. Finally, farmers pay no particular attention to select panicles only from the middle of the fi eld, a behavior that could enable them to avoid plants pollinated by N growing near fi eld margins.
Weed to crop and crop to weed introgression -Presence of hybrids may accelerate gene fl ow, and Doggett and Majisu (1968) suggested such a role for hybrids in sorghum. For weed to crop gene fl ow, G and H might facilitate introgression between naa baa see and the domesticated morphotype, by their intermediate fl owering period, by their location within fi elds rather than at their margins, and by the way farmers manage them. We have shown that even if overlapping fl owering periods and the spatial pattern of planting for the morphotypes favor gene fl ow, farmers ' practices exert selection and have a great impact in lowering gene fl ow from weed to crop.
Many " domesticated alleles " of the genes encoding the domestication syndrome result from recessive (loss of function) mutations and occur in the homozygous state in landraces ( Paterson et al., 1997 ; Thornsberry et al., 2001 ). For sorghum, Paterson et al. (1997) reported for an F2 of Sorghum bicolor BTx623 (a cultivar) × Sorghum propinquum (a wild relative of S. bicolor ), that S . propinquum provides mainly dominant alleles affecting fi ve traits (grain shattering, plant height, fl owering time, tiller number, rhizomatousness) and mainly recessive alleles affecting only one trait, seed size. Thus, the fi rst generation of hybrids will have phenotypes similar to that of the wild morphotype and for this reason will presumably be adapted to wild environments, allowing continual introgression from crop to weed.
We have shown that introgression between domesticated sorghum and its weedy relatives in Want é is an ongoing process affecting genetic diversity. Weedy morphotypes are major actors in the dynamics of sorghum diversity. Furthermore, in traditional farming systems, farmers depend on the broad genetic base of their landraces ( Bellon, 1996 ) . Diversity lowers the risk of crop failure owing to vagaries of climate, diseases, pests, and soil limitations. This diversity is also often culturally important ( Teshome et al., 1997 ; Brush, 2000 ) . Our results show that farmers exert conscious and unconscious selection in their management of landrace diversity in relation to the weedy relatives of sorghum. Conservation strategies should take these processes into account and should be supported by more precise studies of farmers ' taxonomy and practices. Only when farmers ' behavior is adequately taken into account will we achieve accurate understanding of the dynamics and the maintenance of diversity in their crop populations ( Pujol et al., 2005 ) .
